Introduction
Direct synthesis of alkoxysilanes and alkylalkoxysilanes via the reaction between silicon and an alcohol or alkene has attracted great interest from researchers.
1 Among the products, trimethoxysilane and tetramethoxysilane as coupling agents instead of organochlorosilanes, are widely used for the synthesis of organosilicon products.
2-4
Synthesis of trimethoxysilane via the direct reaction between silicon and methanol can be catalyzed by cuprous chloride (CuCl) in a xed-bed or a slurry phase reactor. Pretreatment temperature can signicantly affect the formation of trimethoxysilane. 5, 6 It was suggested that the Cu 3 Si phase formed at the pretreatment temperature of 350 C was the active site for the formation of trimethoxysilane. 5, 7 However, it was found that although the Cu 3 Si phase was not detected at pretreatment temperatures below 280 C, a high selectivity of trimethoxysilane (ca. 98%) was obtained. Recently, researchers suggested that the Cu 3 Si phase itself was not a reactive intermediate, but the precursor composed of Cu-Si complex played an important role in the reaction. 8, 9 For the direct reaction between silicon and methanol over CuCl catalyst, the active species are still contradictory. On the other hand, the reaction rate between silicon and methanol over a CuCl catalyst in a xed-bed reactor rapidly decreases in a short reaction time period. The practical use of a CuCl catalyst is limited. Therefore, direct reaction between silicon and methanol over a CuCl catalyst is still worthy of investigation.
Tetramethyoxysilane was formed as a byproduct in the direct reaction between silicon and methanol over a CuCl catalyst. 5, 7 It was also formed as the main product when the reaction was carried out over metallic Cu 0 and Cu 2 O catalysts. 8, 10 It was suggested that the formation of tetramethoxysilane originated from the reaction between methanol and trimethoxysilane in series catalyzed by metallic Cu 0 active sites. 8 The detailed catalytic process is unclear and worthy of further investigation.
In the present work, the reactions between silicon and methanol over CuCl, Cu 2 O, CuO, and bulk metallic Cu 0 catalysts and the regeneration of CuCl catalyst were investigated. The chemical structures of these catalysts aer pretreatment and reaction were investigated by XRD, XPS, and XAES techniques. The active sites and reaction mechanisms over these catalysts were discussed below.
Experimental

Materials
Methanol (99.5%), cuprous chloride (97%), cuprous oxide (95%), copper oxide (99%), and bulk metallic copper powder (150 mm) were of reagent grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. Silicon powder (>99.5%) was supplied by Jiangsu Hongda New Materials Co., Ltd. The materials were used as received without further purication.
Characterization
XRD patterns of the samples were recorded on a XRD-6100Lab diffractometer with a graphite monochromator using the Cu Ka radiation (l ¼ 1.54056Å) at the scanning speed of 2 min À1 .
X-ray photoelectron spectra (XPS) and X-ray Auger Electron Spectra (XAES) of the samples were obtained on an X-ray photoelectron spectroscopy/ESCA spectrometer (K-ALPHA, Thermo Fisher Scientic) using Al Ka radiation (1486.68 eV). The binding energies were calculated with respect to C 1s peak of contaminated carbon at 284.6 eV.
Catalytic text
Given amounts of silicon powder and catalyst (CuCl, Cu 2 O, CuO or bulk metallic Cu 0 ) were mixed in a high-speed, multifunction crusher (2000 rpm) for 2 min. The particle sizes of the catalyst/Si mixture ranged from 50 to 200 mesh. The reaction was carried out in a xed-bed reactor with diameter and length of 1.8 cm and 50 cm. 20 mL of glass beads (diameter, 3 mm) were added on the top of catalyst/Si bed to evaporate methanol feed into gas phase. A N 2 stream (99.999%) with a ow rate of 20 mL min À1 was introduced when the catalyst/Si mixture was pretreated at different temperatures. For the catalytic reaction between silicon and methanol, methanol with a ow rate of 6 mL h À1 was pumped into the reactor with a constant ow pump (TBP 1010, Tauto). The resulting reaction products were condensed and collected in an ice-water trap. The reaction products were analyzed by gas chromatography (Agilent 7890A) with a capillary column (SE-54, 0.32 Â 30) and an FID detector.
Results and discussion
3.1. Structures of CuCl/Si mixtures aer pretreatment and reaction 3.1.1. XRD analysis. The effects of pretreatment and reaction on the chemical structures of the CuCl/Si mixtures were investigated by ex situ XRD technique. The XRD spectra of the mixtures pretreated at different temperatures in a N 2 stream show that the characteristic peaks of silicon appeared at (2q) 47.3, 56.1, 69.1, and 76. 4 , respectively, which were consistent with those of the standard silicon sample (JCPDs 27-1402) (Fig. 1a) . The main characteristic peaks of the CuCl catalyst were overlapped by those of silicon. A weak peak at (2q) 33.1 ascribed to that of the standard CuCl sample (JCPDs 06-0344) was observed for the mixtures pretreated at the lower temperatures of 200-240 C (Fig. 1a, inset) . The peak intensities of the CuCl phase decreased with pretreatment temperature, indicating that pretreatment at 200-240 C caused the reaction between CuCl and silicon to form surface Cu-Si-Cl complexes.
CuCl + Si / Cu-Si-Cl complex + SiCl 4 (200-240 C)
There was no CuCl peak at (2q) 33. 5.1 : 100 to 12.7 : 100. When the pretreatment temperatures were 280-340 C, the XRD peaks at 44.5 (012) and 45.1
ascribed to those of the Cu 3 Si phase (JCPDS 51-0916) were observed. The intensity ratios of Cu 3 Si (012) and (300) peaks to Si (220) peak ranged from 2.5 : 100 to 4.8 : 100 and from 2.8 : 100 to 6.6 : 100, respectively. The results revealed that high pretreatment temperature caused the reaction between CuCl and silicon to form metallic Cu 0 and Cu 3 Si phases as follows.
Aer taking part in the reaction between silicon and methanol, the CuCl phase was only observed in the CuCl/Si mixture pretreated at 200 C ( The chlorination converted the copper species to CuCl.
XPS and XAES analyses.
The surface chemical structures of the bulk CuCl, bulk Si, reacted CuCl/Si, and chlorinated CuCl/Si were detected using the ex situ XPS technique. The X-ray photoelectron spectra of Si 2p, Cl 2p, and Cu 2p are shown in Fig. 3 .
The binding energies of Si 2p 3/2 of the bulk Si, reacted CuCl/ Si, and chlorinated CuCl/Si samples were 98.9, 98.8, and 99.2 eV, respectively (Fig. 3a) . The Si 2p 3/2 peak of the reacted CuCl/Si mixture shied by 0.1 eV to a lower binding energy as compared to that of the bulk Si, revealing that there was an interaction between bulk Si and CuCl during the reaction process. However, chlorination caused a positive shi of the Si 2p 3/2 peak of the chlorinated CuCl/Si mixture, probably due to surface-interacted Cu + being chlorinated to CuCl. (Fig. 3b) . According to the deconvolution of the Cl 2p 3/2 and Cl 2p 1/2 peaks, the area ratios of the Cl 2p 3/2 peak to the Cl 2p 1/2 peak for the three samples were 1 : 0.8, 1 : 1.9, and 1 : 0.8, respectively, revealing that there was an interaction between Si and Cl during the reaction process. Aer chlorination, the CuCl phase was recovered because the bulk CuCl and chlorinated CuCl/Si samples had the same area ratios of Cl 2p 3/2 to Cl 2p 1/2 . The Cu 2p 3/2 and Cu 2p 1/2 peaks of the bulk CuCl, reacted CuCl/Si, and chlorinated CuCl/Si samples were doublet (Fig. 3c) . The presence of a satellite peak at ca. Fig. 5a and b) . However, aer reacting at 220-260 C for 3 h, the metallic Cu 0 phase was formed with the Fig. 6 . The Si 2p 3/2 peaks of the reacted Cu 2 O/Si, reacted CuO/Si, and reacted Cu/Si samples slightly shied by 0.1 eV to a lower binding energy as compared with that of the bulk Si sample (Fig. 6a) , indicating that there was a weak interaction between copper species and Si surface.
The binding energies of Cu 2p 3/2 and Cu 2p 1/2 of the reacted Cu 2 O/Si, reacted CuO/Si, and reacted Cu/Si mixtures were ca. and/or Cu + species were present (Fig. 6b) . The presence of a weak satellite peak at 942.5 eV for the reacted Cu 2 O/Si and reacted CuO/Si mixtures indicated that there was a trace amount of Cu 2+ species present. However, the absence of the satellite peak in the reacted Cu/Si mixture indicated that no Cu 2+ species existed.
To ascertain the chemical states of the surface copper species, the XAES peaks were deconvoluted (Fig. 7) . Using Gaussian-Lorentzian bands with the peak positions at ca. 916 and 918.7 eV for Cu + and Cu 0 and at ca. 912 eV for other orbital electrons, the XAES peaks were deconvoluted into three symmetrical peaks. Table 3 . Trimethoxysilane and tetramethoxysilane were detected as the main products. The conversion of methanol increased upon increasing the pretreatment temperature, probably due to the possibility that high pretreatment temperature promoted the interaction between CuCl and silicon, providing more active sites for the reaction between silicon and methanol. Interestingly, it was found that the trimethoxysilane selectivity at the pretreatment temperatures of 200-240 C was higher than that at 260-340 C. When the pretreatment temperature was more than 280 C, the trimethoxysilane selectivity was less than the tetramethoxysilane selectivity.
Combining the XRD, XPS, and XAES analyses, it was suggested that the Cu x Si y Cl z species formed in the pretreatment process played an important role for the formation of trimethoxysilane. The surface Cu + and metallic Cu 0 species probably co-catalyzed the formation of tetramethoxysilane.
Effect of CuCl loading.
Considering that a lower pretreatment temperature gave high selectivity of trimethoxysilane, the CuCl/Si mixtures pretreated at 200 C were used to investigate the effect of CuCl loading on the reaction between silicon and methanol. The reaction results are listed in Table 4 . a The reaction mixtures of silicon and CuCl were pretreated at different temperatures for 2 h in a N 2 stream with a ow rate of 20 mL min À1 . The mixture of CuCl and silicon was 40 g, the CuCl/Si weight ratio was 8 : 100, and the methanol ow rate was 6 mL h À1 .
The reaction results showed that upon increasing the CuCl loading and reaction temperature, the conversion of methanol increased. When the CuCl loadings were 5-10% at the reaction temperatures of 240-260 C, the trimethoxysilane yield of ca.
80% was obtained. 3.3.3. Reaction life time and HCl treatment. Without pretreatment, the methanol conversion increased with prolonging reaction time during the rst 4 h (Fig. 8a) . The methanol conversion remained at ca. 70% for 5 h. Then the methanol conversion decreased rapidly to 5.5% in 3 h. The selectivities of trimethoxysilane and tetraethoxysilane remained at ca. 85% and 15% during the reaction time period, respectively.
When the spent CuCl/Si mixture was chlorinated with HCl, the conversion of methanol increased to 95% during the rst 1 h and remained at above 99% for 9 h (Fig. 8b) . Then the methanol conversion decreased to 7.7% in 3 h. The selectivities of trimethoxysilane and tetramethoxysilane remained at ca. 40% and 60%, respectively.
The results revealed that without pretreatment, the reaction rate between silicon and methanol increased gradually with reaction time. The main product was trimethoxysilane. When the spent CuCl/Si mixture was chlorinated with HCl, the reaction rate between silicon and methanol rapidly increased, probably due to the formation of more Cu x Si y Cl z active sites and the exposure of the metallic Cu 0 active sites. However, aer chlorination with HCl, the selectivity of trimethoxysilane was one half that using a fresh CuCl/Si mixture, indicating that the exposed metallic Cu 0 probably promoted the formation of tetramethoxysilane. 
Conclusions
In the direct reaction of silicon with methanol over a CuCl catalyst, pretreatment temperature affected the evolution of the Cu 
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